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Abstract The authors describe an amperometric sensor for
dopamine (DA) which has a working potential as low as
+0.02 V (vs. SCE). It makes use of a nanocomposite
consisting of reduced graphene oxide (rGO) and manganic
manganous oxide (Mn30y,) in a film of Nafion on gold nano-
particles deposited on a gold electrode. The composite was
characterized by X-ray powder diffractometry (XRD),
Fourier transform infrared spectroscopy (FTIR) and field
emission scanning electron microscopy (FE-SEM). The elec-
trochemical properties of the modified electrode were investi-
gated by cyclic voltammetry, electrochemical impedance
spectroscopy (EIS) and amperometric methods. After method
optimization, the amperogram displays a linear range extend-
ing from 1.0 umol-L™" to 1.45 mmol-L™" with a limit of de-
tection as low as 0.25 pmol'L™" (at an S/N ratio of 3). The
modified electrode was employed for the determination of DA
in injection solution samples with satisfactory results.
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Introduction

Dopamine (DA) is involved in the hormonal, renal, cardiovas-
cular and central nervous systems. Therefore, sensitive deter-
mination of DA is important for the evaluation of therapeutic
efficacy and molecular disease diagnosis [1, 2]. Many tech-
niques and approaches have been established for the detection
of DA, such as the electrochemical technique (ET) [3-5],
electrochemiluminescence [6], chromatography [7, 8] and
fluorometry [9, 10]. Among these methods, ET is considered
to be an ideal choice due to its high sensitivity, ease of oper-
ation, low cost, fast response and in situ detection. Since DA is
an easily oxidized compound, ET based on its anodic oxida-
tion has been reported for quantitative determination [11, 12].
Unfortunately, DA detection usually involves interference
from some co-existing species including ascorbic acid (AA).
AA can also be oxidized easily on the working electrode.
Moreover, the oxidation of the mixture of AA and DA often
appears as an overlapping voltammetric response on the un-
modified electrode and is difficult to distinguish [13]. Hence,
the selective determination of DA is a challenge for re-
searchers [14, 15].

To improve measurement sensitivity and selectivity for DA
determination, one effective approach is to choose sensitive
and selective materials to sensitize the electrode. Jin [16] re-
ported on the use of a Cu,O@Pt/C composite modified elec-
trode which they used to eliminate interference by AA and
uric acid (UA) in the determination of DA. The Co3;04
nanograin-decorated reduced graphene oxide (rGO) compos-
ite modified glassy carbon electrode (GCE) was developed by
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Numan for the sensitive and selective determination of DA
[17]. An electrochemical sensor for detecting DA was fabri-
cated by Ejaz [18], using 1,4-bis (aminomethyl) benzene and
Co(OH), at the graphene oxide (GO) surface.
Sivasubramanian [19] introduced an electrochemical sensor
using Cu,O decorated rGO composite for the selective detec-
tion of DA. Khudaish [20] described a novel surface material
consisting of poly(2,4,6- triaminopyrmidine) decorated with
gold nanoparticles (Au) on a GCE based on electrochemical
polymerization. Although the aforementioned materials have
excellent performance and signals, there is still a need for a
novel composite which exhibits higher selectivity and sensi-
tivity for the determination of DA.

Reduced graphene oxide (rGO) is a widely-used graphene
nanomaterial. Recently, rGO-based materials have emerged as
a novel nanomaterial for the fabrication of DA electrochemical
sensors [21-23]. As a member of the transition metal oxide
family, the uses of manganic manganous oxide (Mn3;O,4) have
been explored in several fields including energy storage [24],
supercapacitors [25], lithium-ion batteries [26] and electro-
chemical sensors [27]. As far as we know, an electrode modi-
fied with Mn;O,4 has not been reported for the electroanalysis of
DA. Various supports assembled with Au as modified elec-
trodes have been selected as promising candidates for the elec-
troanalysis of DA [28-30]. Nafion solution was widely
employed to disperse various nanomaterials. The interference
from AA during DA determination can partly be avoided by
modifying the electrode surface with Nafion film. However, the
use of Nafion film alone cannot solve the sensitivity problem
[31]. Modifying the nanomaterials onto the electrode surface is
one of the effective ways to improve sensitivity. Given these
facts, we expect that rGO and Mn;0,4, in combination with Au
composite and the Nafion film, will have promising electro-
chemical activities for the electrochemical detection of DA.

An electrochemical sensor based on rGO-Mn;0,4/Nafion
film supporting different sized particles of Au on a modified
gold electrode (GE) is reported and used for the amperometric
analysis of DA with high selectivity and sensitivity at a work-
ing potential as low as +0.02 V (vs. SCE). Due to the low
working potential, the modified electrode showed convincing-
ly improved selectivity. Furthermore, the modified electrode
possessed noticeably enhanced peak current and superior elec-
trochemical activity for DA determination. Finally, it was
employed to determine DA in injection solution samples with
excellent recovery and accuracy.

Experimental
Chemicals and apparatus

Mn(Ac),4H,0, graphite powder, nafion solution (5% (m:m)),
chloroauric acid hydrate (AuCl;-HCI-4H,O, 99.99%) were
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purchased from Sinopharm Medicine Holding Co., Ltd.
(http://www.sinoreagent.com/). Dopamine hydrochloride and
ascorbic acid (AA) were obtained from Sigma (http:/www.
sigmaaldrich.com/). All chemicals used in the experiments
were of analytical reagent grade. DA injection solution
samples were purchased from Huaihua University (2016.6).
The 0.1 mol-L ™! Na,HPO, and NaH,PO, stock solutions were
mixed in different proportions to prepare phosphate buffer
(PB) with various pH values. Doubly distilled water was used
throughout (18.2 MQ-cm resistance).

An X-ray powder diffractometer (XRD) was employed to
study the crystallization degrees of the composite (Cu Ko
radiation = 1.54056 nm, Ultima IV, Rigaku, http:// www.
rigaku.com/en). The Fourier transform infrared spectroscopy
(FTIR) of the composite were characterized with the KBr
pellet (IR prestige-21, Shimadzu, http:// www.shimadzu.
com.cn/). The surface morphologies of different electrodes
were observed by means of field emission scanning electron
microscopy (FE-SEM) (Sigma HD, Zeiss, http://www.zeiss.
com.cn/corporate/zh_cn/home.html). All electrochemical
measurements were carried out on an electrochemical
workstation (CHI 660D, CH Instruments, http://www.
chinstruments.com/), which was connected to the classical
three electrode system. The saturated calomel electrode
(SCE) was used as the reference electrode, the platinum wire
was used as auxiliary electrode and the rGO-Mn;04/Nafion-
Au modified GE (® = 3 mm) was used as the working
electrode.

Preparation of rGO-Mn;04 composite

Graphene oxide (GO) was synthesized from natural graphite
by the modified Hummers method [32]. 25.0 mg of GO was
ultrasonicated in the mixed solvent of 50.0 mL absolute etha-
nol and H,O (v:v=9:1) for one hour to obtain a homogeneous
suspension of 0.5 mg-mL~' GO. Next, 0.005 mol of
Mn(AC),-4H,0 was dissolved into the GO suspension under
stirring. Subsequently, the mixed solution was sealed in a
100 mL Teflon-lined stainless steel autoclave. The tempera-
ture was raised to 200 °C and maintained for 12 h. Finally, the
autoclave was cooled to room temperature. The precipitates
were rinsed with water and absolute alcohol many times,
followed by drying at 50 °C for 48 h. The product was labeled
as tGO-Mn;04 composite.

Fabrication of the modified electrode

To obtain a homogeneous suspension, 25.0 mg of tGO-Mn;04
composite were dispersed into 50.0 mL of Nafion solution
(0.5% (m:m)) under ultrasonication. The GE was polished with
chamois leather containing 100 nm and 30 nm alumina slurry in
succession, followed by ultrasonication treatment with HNO;,
absolute ethanol and doubly distilled water. 5.0 puL of rGO-
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Mn;0,4/Nafion dispersion was coated onto the GE’s surface and
kept at room temperature until dry (denoted as GE| rGO-
Mn;0,4/ Nafion). The modification of different sized particles
of Au onto the surface of GEI rGO-Mn;0,4/ Nafion electrode
was obtained through the use of the simple electroless plating
method described in our previous report [33]. Briefly, the
GE | rGO-Mn;0,4/Nafion electrode was immersed in
0.36 mol-L™" ethylenediamine solution for 3.0 h at room tem-
perature. Subsequently, it was inserted into 1.0 mmol-L ™"
AuCl;-HCI'4H,0 solution for 2.5 h, Au** was bound to the
surface of -NH, group. Different sizes of Au particle were ob-
tained by reduction reactions of varying duration using 0.1 mol-
L' NaBH, solution as the reducing agent. Finally, the modified
electrode (denoted as GE | rGO-Mn;04/Nafion-Au) was rinsed
with water and dried in an air atmosphere before use. The
formation mechanism of rGO-Mn;04/Nafion film supporting
different sized particles of Au is illustrated in Fig. 1. For com-
parison, the Nafion solution (0.5% (m:m)) was dropped on the
GE to fabricate the GE| Nafion electrode.

Results and discussion
Choice of materials

Gold has a high density of available active sites as well as a
large electrochemically active surface area for the electro-
chemical reaction of DA. This results in a high-performance

Fig. 1 Tllustration of the
formation of rGO-Mn;0,/Nafion
film supported different sizes of
Au

GO
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amperometric response for DA molecule detection. The inter-
ference from AA when determining DA can partly be avoided
by modifying the electrode surface with Nafion film. The
rGO-Mn;04/Nafion film supporting different sizes of Au par-
ticle can be achieved via a simple electroless plating method.
The amperometric response to DA detection is greatly
effected by the respective particles and synergistic effects of
the composite. In addition, different sizes of Au loading on the
rGO-Mn;04/Nafion film also influence the amperometric
response.

Characterization of the rGO-Mn;0,4 composite

The crystalline structure of GO, rGO and rGO-Mn3;0,4 were
characterized by XRD. The GO’s XRD pattern shows one
typical diffraction peak at 20 = 10.6°. This indicates that the
introduction of many epoxy, carbonyl, hydroxyl and carboxyl
groups attached to the sides and edges of the graphite [32].
The diffraction peak at about 26 = 23° of rGO is quite in
accordance with that of graphite [33]. In Fig.S1, the peak at
close to 23° can be indexed to the graphitic plane (002) of
rGO. All other peaks of rGO-Mn;0,4 composite are well-
matched with Mn3;O,4 which are consistent with the JCPDS
card (No. 24-0734) [25].

Stretches of alkoxy (1060 cm ), epoxy C-O (1230 cem ),
carboxyl C-O (1410 em 1), aromatic C = C (1620 cm ™ ),
C =0 (1730 cm ') and O-H (3400 cm™ ") can be found in
the FTIR of GO, in good agreement with our previous report
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[33]. However, these peaks for oxygen-containing functional
groups disappear or are weakened in the FTIR of both rGO
and rGO-Mn;0,4 composite. Moreover, three additional char-
acteristic peaks can be found at 413, 515 and 618 cm ', which
can be attributed to the band-stretching mode of the octahedral
sites, the coupling mode between Mn-O octahedral sites and
the stretching modes of tetrahedral sites, respectively (Fig.S2)
[31]. The FTIR results also confirm the formation of rGO-
Mn;04 composite.

Characterization of the the surface morphologies
of the different electrodes

Fig. 2-a presents the smooth surface morphology of the GE.
Uniform Nafion film appears on the GE| Nafion electrode
(Fig. 2-b). The surface of the GE| rGO-Mn;0,4/Nafion elec-
trode exhibits some thin wrinkles of rGO in the magnified
SEM image and the Mn3O,4 nanoparticles with a diameter of
about 30 nm are well dispersed on the rGO (Fig. 2-c). Well-
distributed Au with an average diameter of about 60 nm can
also be found on the rGO-Mn;0,4 composite after the electro-
less plating of Au onto the GE | rGO-Mn;04/Nafion electrode
(Fig. 2-d).

Electrochemical properties of different electrodes

The electrochemical properties of the different electrodes were
evaluated by cyclic voltammetry (CV) in 0.1 mol-L™' KCl
solution containing 5.0 mmol-L ™" K5[Fe(CN)g] as the redox
probe. As depicted in Fig. S3, the current densities are found

Fig. 2 FE-SEM images of the
GE (a), GE| Nafion (b),

GE | rGO-Mn3;0,4/Nafion (¢) and
GE | rGO-Mn;04/Nafion-Au (d)
electrodes
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to be GE| rGO-Mn;0,/Nafion-Au (Fig. S3-d) > GE| rGO-
Mn;04/Nafion (Fig. S3-¢) > GE (Fig. S3-a) > GE| Nafion
(Fig. S3-b). The current density at the GE | Nafion is slightly
lower than that at the GE, implying that Nafion reduces the
redox current density. Compared with GE, a higher redox
current density of the GE| rGO-Mn;0,4/Nafion means an en-
hanced redox of the [Fe(CN)G]'S/ ~* used as the probe, which
can be ascribed to the large effective electroactive surface area
of the rtGO-Mn;0, composite. Due to the large surface area as
well as the unique electrochemical properties of Au, the redox
current at the GE | rGO-Mn;0,4/Nafion-Au electrode is higher
than that at the GE| rGO-Mn;0,4/Nafion electrode.
Electrochemical impedance spectroscopy (EIS) was used
to evaluate the interfacial properties of the various electrodes.
Nyquist plots for the four different electrodes are shown in
Fig. S4. The higher frequency region with distinct semicircu-
lar corresponds to the electron transfer of the electrochemical
reaction. The lower frequency region with the linear section
corresponds to the diffusion limited process of the electro-
chemical reaction. A Randles circuit was employed to fit the
EIS data (see inset in Fig. S4), including the double-layer
capacitance (Q), Warburgh impedance (Zw), charge transfer
resistance (Rct) and solution resistance (Rs). Rct is employed
to describe the conduction capacity of the electrode indirectly,
which is equal to the diameter of the semicircle. The Rct
values of the GE (Fig. S4-a), GE| Nafion (Fig. S4-b),
GE| rGO-Mn30,/Nafion (Fig. S4-c) and GE| rGO-Mn;0,/
Nafion-Au (Fig. S4-d) electrodes were calculated to be 120,
2980, 1450 and 780 (2, respectively. Indicating that the con-
ductivity of the GE| rGO-Mn;04/Nafion-Au electrode is

b
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Fig.3 CVs of the GE (a), GE| Nafion (b), GE| rGO-Mn;0,/Nafion (c)
and GE| rGO-Mn;0,/ Nafion-Au (d) electrodes in 0.1 mol'L ™' PB con-
taining 0.4 mmol-L ' DA. (d) electrode in 0.1 mol-L™" PB containing
0.6 mmol-L ™! DA (e) and 0 mmol-L ™! DA (f)

higher than that of both of the GE| rGO-Mn;04/Nafion and
GE| Nafion electrodes.

Electrochemical behaviors of DA at different electrodes

Fig. 3 depicts the CV responses of different electrodes in PB.
The CV measurements were recorded in pH = 4.5 PB at a scan
rate of 0.1 v-s~'. For 0.4 mmol-L™' DA, a pair of redox peaks
were found on the GE (Fig. 3-a). Owing to the insulativity of
Nafion film, the GE| Nafion electrode showed a poor electro-
chemical response to DA (Fig. 3-b). For the GE | rGO-
Mn;04/Nafion electrode (Fig. 3-c), a cathodic peak for DA
at+0.05 V was observed. The electron transfer is facilitated by
the uniformly distributed rGO-Mn3;04 composite in the
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Fig. 5 i-t responses of the GE (a) and GE| Nafion (b) upon successive
addition of various concentrations of DA from 1.0 umol-L™" to
1.0 mmol'L ™! and the GE| rGO-Mn;04/Nafion-Au (c) electrode upon
successive additions of various concentrations of AA from
1.0 umol-L™" to 1.0 mmol-L ™" at an applied potential of +0.02 V

Nafion film. The rGO-Mn3;0,4 composite serves as the elec-
tron mediator. Compared with the GE and GE| Nafion, the
reduction peak at GE | rGO-Mn;0,4/Nafion shifted negatively.
This implies that the rGO-Mn3; 0,4 composite takes effect in the
electro-reduction of DA. Moreover, the reduction peak poten-
tial of DA on the GE| rGO-Mn;0,4/Nafion electrode, which
can be as low as +0.05 V, is favorable for the electroanalysis of
DA because interference from other electro-active species is
reduced. There was an increase in overall voltammetric signal
after the surface of the GE | rGO-Mn;0,4/Nafion electrode was
electroless plated with Au (Fig. 3-d). In addition, the reduction
peak current at the GE| rGO-Mn;0,4/Nafion-Au electrode in-
creased with increasing DA concentration (Fig. 3-e), revealing
the potential for the use of the GE| rGO-Mn;0,/ Nafion-Au
electrode in DA determination. There was a depolarization of
the GE [ rGO- Mn3;O4/Nafion-Au electrode in PB (Fig. 3-f).

Fig. 4 The amperogram of the ‘T‘E
modified electrode upon 3 00
successive addition of various a b C d 2_01
concentrations of DA: (a) 1.0, (b) (N 0.0+ e =
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(-(0)100.0, (p)- Q 03
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0.1 mmol-L™" DA with different ‘7 021 ?, 0.001 1 DA
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= =-0.02¢
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Table 1 Comparison of some

other methodologies and different Methodologies or Electrodes Linear range/pmol-L ™" LOD/pmol- L™ References
DA electrochemical sensors
Electrochemiluminescence 0.005-500 0.0017 [6]
Chromatography - 0.042 [7]
Fluorometry 0.0001-10 0.00002 [9]
GCE| GO-BAMB?-Co(OH), 3-20, 25-100 0.4 [18]
GCE| MnOOH 1.2-200 0.1 [34]
GCE| F3GA"-PDAN® 5.0-100 0.1 [35]
GE| SWCNT%Fe,0; 3.2-31.8 0.36 [36]
GCE| er-GO-Ni 0.05-50 0.01 = 0.00003 [37]
GCE| GO-MWCNT/MnO,/Au 0.5-2500 0.17 [38]
GE| rGO-Mn;0,4/Nafion-Au 1.0-1450 0.25 This work

- not provided. * 1,4-bis(aminomethyl)benzene. ® Cibacron blue. ¢ Poly-1,5-diaminonaphthalene. ¢ Single-

walled carbon nanotubes

The current is a reduction current and the operating potential
corresponds to the reduction of the quinoid form of DA. DA in
its native state (o-hydroquinone) cannot be reduced further at
+0.05 V. Thus, Mn;0,4 probably oxidizes DA to dopamine
quinone which is then detected.

Optimization of experimental conditions

The following parameters were optimized: (a) volume of the
casting solution. (b) concentration of the rGO-Mn;04 com-
posite in the casting solution. (c) supporting electrolyte and
pH. (d) plating time. (e) electrochemical working potential.
The respective data and figures are given in the Electronic
Supporting Material (ESM). We found the following experi-
mental conditions to give the best results: (a) a casting solution
volume of 5.0 uL. (b) a concentration of rGO-Mn3;0,4 com-
posite in the casting solution of 0.5 mg'mL . (c) a 0.1 mol-
L' PB atpH =4.5. (d) a plating time 0of 200 s (Fig. S5). (¢) an
electrochemical working potential of +0.02 V (vs. SCE).

Amperometric responses of DA on the modified electrode

With all experimental conditions optimized, the amperogram
of the response of the modified electrode to successive addi-
tions of DA at +0.02 V (vs. SCE) is shown in Fig. 4. With the
addition of DA, the cathodic current increased rapidly and

reached a steady state signal within 3 s, demonstrating the
high sensitivity of the modified electrode. The insets in
Fig. 4 show the response current at the modified electrode
has a wide linear relationship to the concentration of DA in
the range from 1.0 to 1450 umol-L™". The equation for the
regression line is I (mA-cm?) = —0.0062-2.7395 x 107 Cpa
(C: pumol-L™") (R = 0.9995). A limit of detection (LOD) as low
as 0.25 umol-L ™" was achieved based on a signal to noise ratio
(S/N) equal to 3.

The GE (Fig. 5-a) and GE| Nafion (Fig. 5-b) were subject-
ed to similar experiments. There were no obvious response
currents to DA in either case. The results suggest that rGO-
Mn;0,4 and Au really play an important role in enhancing the
currents of DA on the electrode surface. AA is one of major
interfering species affecting electrochemical DA detection in
the analysis of real samples. The modified electrode showed
no obvious response to AA (Fig. 5-c). The insets in Fig. 4 also
show the amperometric response of the modified electrode to
0.1 mmol-L ™" determination DA with various concentrations
of AA. The interferences observed from AA are negligible. In
fact, the applied potential, which is as low as +0.02 V (vs.
SCE) on the modified electrode, is immune to AA interference
[13].

The DA electrochemical sensor presents comparable or
even better analytical performances than many other method-
ologies or DA electrochemical sensors, as summarized in

Table 2 Determination of DA

content in injection solution Sample Labeled value This method Added Found Recovery/%
(n =5, values are mean = RSD,
mmol-L ™) 1 52.7 52.5+0.033 100.0 153.7 £0.021 101.2

2 52.7 53.4+0.040 100.0 152.6 £ 0.038 99.2

3 52.7 52.4+0.036 100.0 154.8 +0.043 102.4

4 52.7 52.6 £0.025 100.0 152.9+0.019 100.3

5 52.7 52.7+0.011 100.0 153.8 £ 0.035 101.1

6 52.7 52.7+0.041 100.0 154.4 +£0.023 101.7
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Table 1. This can be explained by the high surface-to-volume
ratio, excellent electrochemical activity, and synergistic effect
of rGO-Mn;0, as well as Au composite, providing a large
surface area and a lot of electroactive sites for DA to absorb
and react. This shows that the modified electrode can be
employed in the fabrication of a DA electrochemical sensor.

Selectivity, reproducibility and stability of the modified
electrode

The selectivity of the modified electrode was assessed by
adding different concentrations of common potential interfer-
ing species in the presence of 0.1 mmol-L ™' DA. The addition
of 50-fold concentrations of NaCl, CaCl,, glucose and acet-
aminophen, 10-fold concentrations of glutamic acid, lysine,
uric acid, glycine, tryptophane, epinephrine, catecholamine,
serotonin, resorcinol and hydroquinone caused no observable
interference (signal change +5%), indicating the excellent se-
lectivity of the modified electrode.

The relative standard deviation (RSD) was 4.2% when the
modified electrode was employed to determine 0.1 mmol-L ™"
DA for five successive measurements. The RSD of the re-
sponse currents to 0.1 mmol-L ™' DA was 3.2% for five mod-
ified electrodes fabricated in the same way, suggesting the
excellent reproducibility of the modified electrode.

By storing the modified electrode in air at room tempera-
ture over four weeks, the stability of the modified electrode
was investigated. The response current to 0.1 mmol-L™' DA
decayed by only 7.8% of its initial intensity (less than 10%),
revealing the long-term stability of the modified electrode.

Real sample analysis

To verify the workability of the modified electrode, the DA
injection solution was diluted 100 times with PB before anal-
ysis and without any other pretreatments. The reduction cur-
rents were recorded and the concentrations of DA were calcu-
lated from the calibration curve. The concentrations of DA in
the injection solutions were found to be 52.5, 53.4, 52.4, 52.6,
52.7 and 52.7 mmol-L ', in accordance with the labeled value
(52.7 mmol-L"). The recoveries vary from 99.2 to 102.4%.
The results are shown in Table 2, demonstrating that the mod-
ified electrode is accurate and reliable for the detection of DA.

Conclusions

In this report, an electrochemical sensor based on GE sensi-
tized with rGO-Mn;0,/ Nafion film supporting different sizes
Au composite was fabricated. The modified electrode showed
significantly improved selectivity and sensitivity, attributed to
the modification of the composite. The sensor was applied to
determine DA with good accuracy and recovery in real

injection solution samples. The superior electrocatalytic per-
formance enables the use of rGO-Mns;0,4 and Au-based com-
posite for the detection of other pharmaceutical and biological
residues.
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